Mutations in PKD1, which encodes polycystin-1 (PC1), contribute to Ͼ85% of cases of autosomal dominant polycystic kidney disease (ADPKD). The planar cell polarity (PCP) pathway is necessary for the oriented cell division and convergent extension that establishes and maintains the structure of kidney tubules, but the role of this pathway in the pathophysiology of ADPKD is incompletely understood. Here, we show that inactivation of Pkd1 in postnatal developing mouse kidneys leads to a defect in oriented cell division in precystic kidney tubules. We also observed this defect in precystic Pkd1-inactivated mature kidneys subjected to ischemia-reperfusion injury as a "third hit." Cystic kidneys exhibited striking upregulation and activation of Frizzled 3 (Fz3), a regulator of PCP, and its downstream effector, CDC42. Precystic kidneys demonstrated upregulation of CDC42, but the localization of the polarity proteins Par3 and Par6 was similar to control. Fz3 was expressed on the cilia of cystic kidneys but barely detected on the cilia of normal kidneys. In vitro, PC1 and Fz3 antagonized each other to control CDC42 expression and the rate of cell migration in HEK293T cells. Taken together, our data suggest that PC1 controls oriented cell division and that aberrant PCP signaling contributes to cystogenesis.
Polycystic kidney disease (PKD) is a common genetic disorder, affecting one in 500 individuals in the United States. This disease is identified by the growth of numerous cysts in the kidneys, which eventually lead to ESRD necessitating dialysis and kidney transplantation. 1 Autosomal dominant PKD (ADPKD) is the most common inherited form, caused by mutations in PKD1 and PKD2 in 85 and 15% of the cases, respectively. ADPKD also affects other tissues, resulting in hepatic and pancreatic cysts, intracranial aneurysms, and heart valve defects. 1 Overexpression or downregulation of polycystin-1 (PC1) and -2 (PC2), gene products of PKD1 and PKD2, leads to uncontrolled tubule lumen size. 2 The molecular mechanism of tubule lumen size restriction, however, is still unclear.
Most of our major organs, including lung, kidney, mammary gland, and vasculature, are composed primarily, sometimes exclusively, of tubules. 3 During tubule growth, cell polarity must be precisely controlled and cellular adherens junctions need to be continuously remodeled without losing cell-cell contacts. This is a complex two-step process in which cells depolarize and migrate away to form elongated tubules and repolarize once they have reached their new position. 4 At least in postnatal kidneys, maturation of tubules requires substantial elongation, involving an intense proliferation phase. This type of tubule elongation is associated with oriented cell division in which mitotic cells are oriented along the tubular axis. This process determines the diameter of a tubule and likely requires intrinsic planar cell polarity (PCP) signaling, 5 a noncanonical Wnt signaling pathway. PCP was first described in Drosophila and is defined as the process in which epithelial cells become polarized in the plane of a tissue, perpendicular to the apical-basal axis. 6 The core PCP components Frizzled (Fz), Dishevelled (Dvl), Prickle, Van Gogh, Diego, and Flamingo were first identified in Drosophila, where they function in regulating tissue organization. 6, 7 In mammals, PCP signaling also regulates convergent extension movements that are required for neural tube closure and lengthening of embryos and kidney tubules. 8, 9 Recently, a group of PCP genes, Fat, Dachsous, and Four-jointed (Fj), were identified in Drosophila as an upstream cassette of transmembrane proteins, providing an initial cue at the cell surface to induce asymmetrical localization of the core PCP components. Interestingly, loss of the vertebrate Fat homolog, Fat4, disrupts oriented cell division and tubule elongation during kidney development, causing tubule dilation. This cystic phenotype in Fat4 mutants is enhanced by loss of the core PCP component Vangl2 as well as loss of the Fj ortholog, Fjx1. 10 In this study, we demonstrated that Pkd1 inactivation affects oriented cell division in precystic Pkd1-inactivated developing and injured kidneys. Moreover, the PCP components Fz3 and CDC42 are significantly upregulated and activated in cystic kidneys. Interestingly, we found that Fz3 localizes to the cilia and the centrosomes in renal tubules. We also showed that Fz3 and PC1 antagonize each other to regulate CDC42 expression and cell migration in kidney cells, suggesting that the polycystin pathway interacts with the Fz3 pathway.
RESULTS

Tubular Cell Circumference in Normal and
Pkd1-Inactivated Postnatal Mouse Kidneys
The number of cells surrounding a tubule, namely tubular cell circumference, in postnatal developing or adult mouse kidneys is not known. We used lotus tetragonolobus lectin (LTL) to mark proximal tubules and dolichos biflorus agglutinin (DBA) for collecting tubules/ducts to determine the tubular cell circumference in these tubular segments. To ensure that only cross-sections of a tubule were evaluated ( Figure 1 , A and B, insets), we excluded tubules that varied significantly from being perfect circles. We found that average tubular cell circumference for proximal tubules increased by approximately 1.6-fold in 6-week-old (data not shown) and by approximately 1.7-fold in 8-week-old kidneys compared with 2-week-old kidneys (Supplemental Figure S1A) . By contrast, a slight decrease in average tubular cell circumference was seen in DBA ϩ tubules (Supplemental Figure S1A) . It is noteworthy that the rate of cell proliferation is high at 2 weeks and low at 8 weeks but is comparable between proximal tubules and connecting tubules/ducts (data not shown). This suggests that the increase of tubular cell circumference in the proximal tubule may be due to the absence or lesser degree of convergent extension during postnatal development in this segment of the tubule.
To determine whether tubular cell circumference varied between control and precystic kidneys, we measured the number of cells that make up the proximal and collecting tubules/ducts in an Pkd1 inducible knockout (IKO) mouse model that we recently generated. 11 We noticed a right shift in tubular cell circumference distribution in DBA ϩ tubules of IKO mice 1 week after Pkd1 inactivation at 1 week of age ( Figure 1B ). Average tubular cell circumference was increased approximately 0.49 cells compared with their age-matched control littermates (Supplemental Figure  S1A ). Because there is no increase in cell proliferation between normal and precystic kidneys, 11 this might be due to aberrant cell-cell intercalations or convergent extension movements in the distal tubular segments. A stronger shift to the right ( Figure 1D ) in distal tubular cell circumference distribution was seen in adult IKO mice with unilateral renal ischemia-reperfusion injury (IRI), 12 where the average tubular cell circumference was increased by 1.03 cells. This might be partially due to increased cell F/null or Mx1-Cre.Pkd1 F/F precystic (LTL n ϭ 310, DBA n ϭ 225, four mice) and Pkd1 F/ϩ or Pkd1 F/F control (LTL n ϭ 169, DBA n ϭ 458, three mice) kidneys (A and B) and in 8-week-old injured Mx1-Cre.Pkd1 F/F precystic (LTL n ϭ 459, DBA n ϭ 470, three mice) and Pkd1 F/F control (LTL n ϭ 359, DBA n ϭ 511, three mice) kidneys (C and D). (A and C) Note that there is no difference in TCC distribution in normal versus precystic proximal tubules. The TCC distribution in precystic collecting tubules shifts to the right. Insets are shown to demonstrate that only perfect epithelial cross-sections were evaluated.
proliferation after IRI in IKO kidneys. 12 It is noteworthy that there is no change in tubular cell circumference distribution in proximal tubules ( Figure 1 , A and C), where Cre recombinase is not expressed in this model at either stage. 11 Oriented Cell Division Is Randomized in Precystic Pkd1 IKO Mouse Kidneys
One possible explanation for increased tubular cell circumference in DBA ϩ tubules of IKO mice is an abnormality in oriented cell division or in the cell intercalation process during tubule elongation. We stained DBA ϩ tubules with phospho-histone 3 to label condensing chromosomes in dividing cells in 2-week-old precystic Pkd1 IKO kidneys and controls. In control kidneys, the orientation of mitotic angles of dividing tubular cells is mostly in parallel with the tubular axis ( Figure 2 , A through D), only 20% of dividing cells have the mitotic angles Ͼ30°( Figure 2B ). By contrast, there is a right shift in the distribution of the measured mitotic angles in IKO kidneys ( Figure 2 , A through D) with approximately 65.2 and 75.0% of the mitotic angles Ͼ30°( Figure 2B) , indicating aberrant oriented cell division in precystic kidneys.
A recent study showed defects in oriented cell division after toxic tubular injury in renal proximal tubules of a Pkd1 IKO mouse model. 13 We looked at the effect of renal IRI on oriented cell division in distal tubular segments. We found an oriented cell division in normal DBA ϩ tubules after IRI such that only 8.5% of the mitotic angles are Ͼ30°. In IKO kidneys, however, 29.49% of mitotic angles are Ͼ30° (Figure 2 , E through H). In agreement with these data, we observed up to 17-fold higher rate of "out of the plane" division, namely cell division occurs perpendicular to the tubule length in precystic DBA ϩ tubules (Supplemental Figure S1 ), which suggests randomization of oriented cell division in IKO IRI kidneys. In addition, we measured the diameters of tubules used for the oriented cell division analyses and observed no difference between the control and IKO kidneys (Figure 2 , C and G). These data demonstrate that loss of oriented cell division precedes tubule dilation. F/null (n ϭ 13, two mice), and Pkd1 F/F control kidneys (n ϭ 35, three mice; A) and in 8-week-old Mx1-Cre.Pkd1 F/F (n ϭ 67, two mice) precystic and Pkd1 F/F control injured kidneys (n ϭ 78, three mice; E). (B and F) Note that there is a significant shift to the right for both 2-and 8-week-old groups, resulting in a significantly higher amount of mitotic angles Ͼ30°in Pkd1-inactivated kidneys. (C and G) Note that the diameter of tubules used for measurements of mitotic angles in precystic IKO kidneys is not different from that in control kidneys shown by t test (P Ͼ 0.1). (D and H) Three-dimensional reconstruction of the mitotic orientations of dividing control and precystic renal tubular cells. Oriented cell division in tubular cells requires intrinsic PCP. 5 Fz is a core PCP component and controls the orientation of asymmetric sense organ precursor cell divisions in Drosophila. 14 In vertebrates, Fz3 and Fz6 are considered to be the key Fz receptors regulating PCP signaling. Although Fz3 is not obviously upregulated in precystic IKO kidneys ( Figure 3A) , its levels are strongly increased in Col2-Cre.Pkd1
F/F and Mx1-Cre.Pkd1
F/F cystic kidneys, compared with control littermate kidneys ( Figure 3B ; data not shown).
CDC42 is a downstream PCP component, and its depletion causes mitotic spindle misorientation. 15 We detected an increase in CDC42 levels in precystic IKO kidneys compared with control kidneys ( Figure 3A ). This increase was even more pronounced in Col2-Cre.Pkd1
F/F and Mx1-Cre.Pkd1 F/F cystic kidneys ( Figure 3B ; data not shown). These data suggest that the PCP pathway is upregulated in precystic and cystic kidneys. CDC42 associates with the Par3 and Par6 polarity complex 16 ; however, the expression and localization of the Par3 and the Par6 polarity complex seem to be unchanged in precystic kidneys compared with control littermates (Supplemental Figure S2 ).
Fz3 Translocates to the Apical Membrane of the Cyst-Lining Epithelium in Pkd1 Inactivated Cysts Derived from Distal Tubules
Asymmetric subcellular distribution of core PCP components is critical for correct PCP signaling in Drosophila 7 ; therefore, we doublestained newborn and 3-week-old cystic kidneys from ␥Gt-Cre.Pkd1 F/null and in Col2-Cre.Pkd1 F/null cystic kidneys (data not shown; Table 1 ). Some DBA Ϫ cysts also showed enhanced apical Fz3 signals ( Figure 4B ). These cysts are likely derived from the thin ascending loop of Henle, where Pkd1 is also inactivated. In agreement with Western blot results, there was no change in Fz3 expressionlevelsorapicalmembranelocalizationinprecystickidneys with Pkd1 KO induced at either 1 week (data not shown) or 5 weeks (Supplemental Figure S3B , Table 1 ).
In LTL ϩ tubules, weak Fz3 expression was seen in the apical membrane of control kidneys, although it was replaced by stronger cytoplasmic signals in LTL ϩ cysts in 3-week-old ␥Gt-Cre.Pkd1
F/F kidneys ( Figure 4C , Table 1 ). As expected, we did not detect differences in Fz3 localization in LTL ϩ tubules in IKO cystic kidneys (Table 1) , which do not develop cysts in this model. 11 These data suggest that Fz3 may have distinct roles in proximal and distal tubular segments, and its activity increases before or coincident with cyst formation.
CDC42 Activation in Cyst-Lining Epithelial Cells in
Pkd1-Inactivated Kidneys
Membrane localized CDC42 seems to be critical for its function. 17 Thus, we investigated CDC42 subcellular localization in the kidney. Double-labeling of control and cystic kidneys with CDC42 antibodies and DBA revealed increased CDC42 expression in IKO cystic kidneys compared with their control littermates ( Figure  5A ). Whereas CDC42 localized diffusely in the cytoplasm of control collecting ducts, it translocated to the apical membrane in DBA ϩ cyst-lining cells in IKO kidneys ( Figure 5A ), suggesting its activation. Active CDC42 pull-down assay confirmed CDC42 activation in cystic ␥Gt-Cre.Pkd1
F/F kidneys ( Figure 5B ).
PC1 and Fz3 Have Antagonizing Effects in Stable YFP-PC1-myc-Inducible HEK293T Cells
Because Fz3 and PC1 both are heterotrimeric G-protein-coupled transmembrane receptors, we hypothesized that they may act in con- cert to regulate downstream signaling. We transiently expressed Fz3 in an inducible HEK293T cell line stably expressing PC1 (YPC1m-HEK) and assayed the expression of CDC42. Expression of Fz3 induced CDC42 expression when compared with parental cells ( Figure  6A ). Coexpression of PC1 and Fz3, however, caused a reduction in the levels of total CDC42 ( Figure 6A ). Induction of PC1 expression alone did not increase total CDC42 expression ( Figure 6A , lane 2). To evaluate further the antagonizing effect of PC1 and Fz3, we subjected the same cells to a wound-healing assay and observed the rate of cell migration toward the wound by time-lapse live-cell imaging for 20 hours for each experiment ( Figure  6B ). We found that cells with induced PC1 expression moved faster than control cells ( Figure 6 , B and C), as previously reported. 18 By contrast, Fz3-expressing cells moved slower than control cells ( Figure 6 , B and C). When both Fz3 and PC1 were present, the cells moved at the same rate as the control cells ( Figure  6 , B and C). These data suggest that Fz3 antagonizes PC1 effects on cell migration.
Activation of the Canonical Wnt Signaling Pathway in Pkd1 Mutants Is Likely Independent of Fz3-CDC42
Fz3 homodimerization and CDC42 both have been shown to promote ␤-catenin-dependent transcription. 19, 20 In addition, canonical Wnt signaling was shown to be upregulated in ADPKD. 13 To investigate whether upregulation of Fz3 and CDC42 corresponds to an increase in ␤-catenin-dependent gene transcription, we measured the mRNA levels of Axin2 as readout for the canonical Wnt signaling pathway in precystic and cystic kidneys. By quantitative reverse transcriptase-PCR, we observed an increase in Axin2 transcript levels in cystic kidneys ( Figure 6D , compare the right two columns), where both Fz3 and CDC42 are upregulated ( Figure 3B ), as well as in precystic kidneys ( Figure 6D , compare the left three columns), where only CDC42 is upregulated ( Figure  3A) . Similar results were obtained for the canonical Wnt target gene Cyclin D (data not shown). To determine whether this ␤-catenin-dependent transcription in precystic kidneys might be CDC42 dependent, we examined ␤-catenin-dependent transcription in Fz3 and PC1 coexpressing cells with very low CDC42 expression ( Figure 6A ). TopFlash reporter assays in induced YPC1m-HEK cells transiently expressing Fz3 failed to show significant reduction of the relative luciferase activity (Figure 6E) , suggesting that ␤-catenin-dependent transcription in Pkd1 mutants is likely independent of Fz3-CDC42.
Aberrant Regulation of Fz3-CDC42 in Human ADPKD Kidneys
To determine whether Fz3 and CDC42 upregulation also occurs in humans, we performed Western blot analyses on kidneys from BASIC RESEARCH www.jasn.org four unrelated patients with ADPKD and four normal individuals. Strong Fz3 and CDC42 upregulation was detected in patients with ADPKD, compared with normal kidneys ( Figure 7A ). Interestingly, Fz6 expression was also upregulated in kidneys of patients with ADPKD ( Figure 7A ).
Dual immunofluorescence of normal human kidneys with Fz3 or CDC42 antibodies and DBA revealed weak Fz3 expression in the apical membrane of DBA ϩ tubules ( Figure 7B ), whereas CDC42 was diffusely localized in the cytoplasm ( Figure 7C ). In ADPKD kidneys, both Fz3 and CDC42 expression was elevated, and strong signals delineated the apical membrane of the cystlining epithelium in DBA ϩ cysts ( Figure 7 , B and C). We therefore believe that Fz3-CDC42 activation is not limited to Pkd1 KO mouse models.
Fz3 Localizes to the Primary Cilia
Studies have suggested that PCP signaling in vertebrates may be controlled and modulated by primary cilia, organelles that emerge from the apical membrane of most cell types. [21] [22] [23] [24] Core PCP components Fat4 and Vangl2 also localize at the base of primary cilia. 10 To explore a possible role for Fz3 on cilia, we investigated whether Fz3 localizes to the cilia in tissues and epithelial cell lines from human and mouse kidneys with or without defects in PC1.
Using acetylated ␣-tubulin as a cilium marker, we found that Fz3 localizes to the primary cilia, although its signal seems to be stronger on cilia in precystic tubules in Mx1-Cre.Pkd1 F/F mice ( Figure 8A ) and cyst-lining epithelia in ␥Gt-Cre.Pkd1
F/F mouse kidneys ( Figure 8B ) than in tubules of control kidneys. Similar results were obtained from mouse Mx1-Cre.Pkd1 F/null cystic kidneys and human ADPKD kidneys (data not shown). Ciliary localization for Fz3 was confirmed by double labeling of Fz3 and ␥-tubulin ( Figure 8B ) to exclude the possibility of nonspecific binding of the Fz3 antibody to the acetylated ␣-tubulin antibody. In cultured wild-type and Pkd1 del34/del34 mouse embryonic kidney cells and in human cyst-lining epithelial cells 9-12 immortalized from human ADPKD kidneys and control renal cortical tubular epithelial cells immortalized from normal human kidneys 25 ( Figure 8C ), Fz3 is localized at the base of the cilia. These data suggest that PC1 mutation does not affect Fz3 ciliary localization.
DISCUSSION
In this study, we showed that tubular cell circumference increases significantly in proximal tubules of normal kidneys during postnatal weeks 2 through 8, in contrast to a slight decrease in DBA ϩ tubules. In embryonic kidneys, tubule formation involves conver- gent extension movements, which increase tubular length and decrease tubule diameter. 26 We speculate that in postnatal kidneys, convergent extension movements may also occur in collecting tubules, whereas the absence or decrease of these movements in proximal tubules may contribute to this change in tubular cell circumference, given the similar rate of cell proliferation in these tubular segments during this period. 11 Polarized cell divisions have been proposed to maintain tubule lumen size. 26 We found that Pkd1-inactivated precystic developing kidneys or injured adult kidneys display randomized mitotic orientation (Figure 2 ), which may contribute to loss of lumen size control in PKD. In addition, we observed that oriented cell division occurs before tubule dilation (Figure 2 , C and G), in contrast to what was recentlyreported. 27 Thedifferenceinthedevelopmentalstagesofkidneys used for the measurements of oriented cell division between this study (2-and 8-week; Figure 2 ) and postnatal days 7 through 10 describedbyNishioetal. 27 mayaccountforthediscrepancybetweenthe data. An alternative possibility is that the precystic tubules used in the measurements of oriented cell division in that study may not have complete loss of PC1. The extensiveness of oriented cell division defects in 2-week-old precystic homozygous Pkd1 IKO kidneys is more striking than that recently reported in 2-day-old Pkd1 ϩ/Ϫ kidneys, 28 probably because of the mutation in both Pkd1 alleles in our model. The larger number of cells dividing "out of the plane" in precystic IKO kidneys provides additional evidence that oriented cell division is defective in Pkd1 KO mouse models. Defects in oriented cell division may result in disorganized intercalation of the daughter cells and increase tubule diameter instead of lengthening the tubule. The F/F and Mx1-Cre.Pkd1 F/null and in cystic ␥Gt-Cre.Pkd1 F/F kidneys compared with their control littermates. All samples are normalized to the 2-week-old control kidney, which was set as 1. (E) Graph represents the relative luciferase activity in HEK control and YPC1m-HEK cells with or without Fz3 transfection and tetracycline induction. PC1 induction slightly reduces luciferase activity. All samples were normalized to the HEK control column, which was set as 1. Bars indicate SEs. All experiments were repeated at least three times. Magnification, ϫ10.
BASIC RESEARCH www.jasn.org slower and scattered cell migration we observed in Pkd1 del34/del34 mouse embryonic kidney cells (data not shown) may also contribute toabnormalcell-cellintercalationsrequiredtolengthenthetubuleas part of the convergent extension movements in Pkd1 inactivated tubules, which ultimately lead to a cyst.
Convergent extension movements and oriented cell division are dependent on PCP signaling. We therefore hypothesized that aberrant PCP signaling may underlie PKD. There are several homologs of the core PCP components in mammals: 3 Dvl, 2 Vangl (Van Gogh homolog), 3 Celsr (Flamingo homolog), 2 Prickle, 1 ANKRD6 (Diego homolog), and 10 Fz genes. 9 Among the 10 Fz genes, only Fz3 and Fz6 have been demonstrated to be important for PCP signaling in mammals. 29, 30 Surprisingly, we did not detect significant increase in protein levels for Fz3 in precystic kidneys, although its expression on the cilia in precystic tubules seems to be increased and its downstream component CDC42 is upregulated ( Figure 3A) . Normal Fz3 protein levels are very low, so a slight change, unnoticeable by Western blot, might be sufficient to disrupt normal PCP signaling. Alternatively, other Fz family members may mediate PCP signaling upstream of CDC42 in precystic kidneys.
Correct PCP signaling in Drosophila requires asymmetric subcellular localization of PCP components. 7 So far, the only evidence for asymmetric localization of PCP components in vertebrates is in the inner ear. 30 -32 We did not detect asymmetric Fz3 localization in normal, precystic, or cystic kidneys (Figure 4 , Supplemental Figure S3 , Table 1 ). This might be due to the low protein level of Fz3 in normal kidneys and that the organization of kidney tubules (either cross-or sagittal-section) does not allow one to distinguish the localization of a protein on one or the other lateral surface of a tubular epithelial cell. Another possibility is that Fz3 asymmetric localization is not essential for correct PCP signaling in the kidneys. We did observe, however, strong upregulation of Fz3 protein levels in cystic kidneys from Pkd1 KO mice and patients with ADPKD ( Figures 3B and 7A ). Strong Fz3 expression is seen on the apical membrane of cyst-lining epithelia of collecting duct origin (Figures 4 and 7B, Table 1 ), albeit not of proximal tubule origin, suggesting increased Fz3 expression correlates with tubular segment-specific activation of Pkd1. Activation and apical localization of CDC42, a downstream effector of Fz3 signaling, at the membrane of cyst-lining DBA ϩ cysts ( Figure 5 ) also support that abnormal PCP signaling mediates cyst enlargement, in addition to its possible role in initiating tubule dilation by affecting oriented cell division. Previously, we showed that collecting tubule/duct cysts grow faster and larger than proximal cysts in mice as well as in patients. 33 It is possible that aberrant activation of Fz3-CDC42 signaling in the distal tubular segments contributes to the different rate of cyst development. Interestingly, recent studies demonstrated Fz3 upregulation and increased apical localization in dilated tubules 3 days after urinary tract obstruction, 34 suggesting that Fz3 upregulation occurs in different cystic models. Fz3 plays a dual role in canonical and noncanonical (PCP) Wnt signaling, depending on cellular context. Fz3 homodimerization is known to stimulate canonical Wnt signaling in Xenopus laevis embryos. 19 Thus, it is possible that increased Fz3 expression in human and mouse cystic kidneys, reported in this study, promotes its homodimerization and stimulates canonical Wnt signaling. In agreement with this, we observed increased Axin2 transcript levels in cystic kidneys ( Figure 6D) ; however, similar results were observed in precystic kidneys ( Figure 6D , compare left three columns), where Fz3 expression is not upregulated ( Figure 3A ). This suggests that the upregulation of canonical Wnt signaling in precystic and cystic kidneys is independent of Fz3. In addition, the activation of CDC42 that is also seen in cystic kidneys supports a role for Fz3 in the noncanonical Wnt signaling pathway. CDC42 has been suggested to regulate ␤-catenin-dependent transcription. 20 Because cells with reduced CDC42 levels continue to have high levels of ␤-catenin-dependent transcription in the TopFlash reporter assays (Figure 6E ), we think CDC42 is unlikely to be responsible for the activation of canonical Wnt signaling in precystic kidneys. Future experiments on reducing CDC42 expression in Pkd1 KO mice are required to clarify this.
CDC42 and the Par protein polarity complex associate with each other and act together in a range of cell types for polarized cell growth, cell migrations, and cell positioning. 16, 35 To investigate whether there is a defect in localization of the Par3 and Par6 polarity complex along with CDC42 overexpression, we examined Par3 and Par6 in precystic kidneys by immunohistochemistry. We did not observe aberrant expression or localization of the Par3 and the Par6 proteins in precystic kidneys (Supplemental Figure  S2) , thus excluding CDC42 overexpression in precystic kidneys as a result of apical-basal polarity defects.
Flow sensing by the primary cilia of the kidney epithelial cells is implicated in cyst formation in PKD. Loss of either PC1 or PC2 does not affect cilia formation but disables the primary cilia to function as a flow mechanosensor. 36 PCP signaling might be controlled and modulated by primary cilia. [21] [22] [23] [24] Mutant mice that contain shortened or no cilia display aberrant oriented cell division and develop cysts. 37 Aberrant expression of several PCP components results in loss or disruption of cilia. 38, 39 Loss of ciliary Fat4 does not affect cilia formation but causes renal tubule dilation. 10 The ciliary localization of Fz3 in normal tubules and the possible increase in the cilia of precystic tubules and cyst-lining epithelial cells suggest that Fz3 could mediate primary cilium-dependent PCP signaling. Together with the antagonistic effects of PC1 and Fz3 on cell migration and CDC42 activation, it is possible that loss of PC1 results in the loss of inhibition of Fz3 function on the primary cilia, which in turn results in increased CDC42 activation and contributes to cyst formation. Fz3 is also seen on the mother centriole in several renal epithelial cell lines (Figure 8) , where it may also antagonize the function of Diversin, a distant homolog of the fly PCP mediator Diego, whose centrosomal localization is necessary for its function in inhibiting canonical Wnt signaling. 40 Germline Fz3 Ϫ/Ϫ mice die within 30 minutes after birth as a result of neural defects, 41 which precludes the use of these mice to genetically remove Fz3 expression in our Pkd1 IKO mice. Inactivating one allele of Fz3 is likely insufficient to overcome the strong Fz3 upregulation in Pkd1 KO mice. We had the opportunity to examine embryonic and newborn Fz3 Ϫ/Ϫ kidneys, but we did not detect any cysts (Dr. Jeremy Nathans, Johns Hopkins University School of Medicine, Baltimore, MD, personal communication, 
/Fz6
Ϫ/Ϫ double mutants. 9, 30 Consistently, we detected upregulation of both Fz3 and Fz6 in ADPKD kidneys ( Figure 7A ). Thus, it would be of specific interest to investigate whether Fz3-overexpressing mice display cysts and mimic Pkd1 loss of function.
Previously, we showed that loss of PC1 causes spina bifida occulta. 42 In Xenopus, inhibition of convergent extension can also prevent neural tube closure, causing a "spina bifida-like" phenotype. 43 Via mutational analyses, several of the genes, such as Vangl2, involved in the PCP pathway have been shown to be necessary for neural tube closure in the mouse, 30, [43] [44] [45] validating that abnormal PCP can cause spina bifida. 46 In this study, we showed, via a scratch wound-healing assay, that overexpression of Fz3 caused a reduction in cell migration rate in kidney cells ( Figure 6 , B and C). It is noteworthy that overexpression of Vangl2 in HT-1080 fibrosarcoma cells also results in slower cell migration in a wound-healing assay. 47 The reduced speed caused by Fz3 overexpression during wound healing could be rescued by induction of PC1 ( Figure 6 , B and C). Whether Fz is also upregulated in neural crest cells as in the kidney in Pkd1 KO mice and whether the reduced cell migration rate correlates with aberrant convergent extension movements and consequently contributes to the spina bifida occulta phenotype deserves future study.
We observed that Fz3 and PC1 have antagonizing effects (Figure 6 ), indicating that these two receptor molecules somehow modulate each other's function. Our efforts on testing an interaction between these two proteins by co-immunoprecipitation were not successful (data not shown), although we cannot exclude a transient or weak interaction. Fz3 overexpression in YPC1m-HEK cells increased total CDC42 protein levels, consistent with what we observed in cystic Pkd1 KO kidneys ( Figures 6A and 3B) . In normal tissue and cells, Fz3 and PC1 may cooperatively modulate CDC42 expression and activation. That induction of PC1 expression in Fz3-overexpressing HEK293T cells lowered CDC42 expression and loss of PC1 has an opposite effect suggest a fine balance of PC1 is necessary to maintain normal CDC42 levels.
In summary, we demonstrate, for the first time, that there is activation of the PCP pathway, exemplified by Fz3-CDC42, in cystic kidneys in orthologous mouse models of human ADPKD as well as in human patients with ADPKD. The Fz-CDC42 pathway may represent a new therapeutic target for this devastating disease.
CONCISE METHODS
Mouse Models and IRI
The ␥Gt-Cre.Pkd1 F/F mouse was previously described, 33 the Col2-Cre.Pkd1 F/null mouse was previously described, 48 and Mx1-Cre.Pkd1
F/null and Mx1-Cre.Pkd1 F/F mice were previously described. 11 This model uses the Cre/loxP system and an IFN-inducible Mx1 promoter driving Cre expression in the distal tubular segments, which include the ascending loop of Henle, distal tubule, and collecting duct. Briefly, mice were administered an intraperitoneal injection of 250 g of IFN inducer pI:pC (Sigma) for 5 consecutive days at 1 or 5 weeks of age to induce the expression of Cre recombinase. IRI was performed at 8 weeks of age, 3 weeks after Pkd1 inactivation. Kidneys were analyzed 48 hours after IRI. Mouse and renal IRI studies were performed according to the animal experimental guidelines issued by the Animal Care and Use Committee at Harvard University and as described by Takakura et al. 12 
Molecular Biology
The pRK5-Fz3 expression construct was provided by Dr. Jeremy Nathans (Johns Hopkins University School of Medicine, Baltimore, MD). YPC1m-HEK cells transfected and/or induced with 10 ng of tetracycline were also used to detect active CDC42 with the active CDC42 pull-down and detection kit (cat. no. 89857; Thermo-Scientific, Waltham, MA). The kit was used as described by the manufacturers. Quantitative reverse transcriptase-PCR was performed on total RNA from kidneys of Mx1-Cre.Pkd1
, and ␥Gt-Cre.Pkd1
F/F mice and their littermate controls as described previously. 33 Briefly, RT-PCR conditions were as follows: 95°C for 15 minutes; cycling: melt 94°C for 15 seconds; annealing: 55°C for 8 seconds; extension: 72°C for 8 seconds. The primers used for Axin2 were as follows: Forward 5Ј-CTC CCC ACC TTG AAT GAA GA-3Ј and reverse 5Ј-ACA TAG CCG GAA CCT ACG TG-3Ј. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a control. GAPDH primers used are as described previously. 33 
Cell Lines
HEK293T cells originated from American Type Culture Collection (Manassas, VA) and were routinely cultured in DMEM1x supplemented with 10% FBS (Invitrogen, Carlsbad, CA). Human immortalized DBA selected renal cortical tubular epithelial cells and ADPKD 9 to 12 cells were described 25 and cultured in DMEM1x supplemented with 10% FBS. A pCDNA4 expression construct containing both N-and C-terminally tagged PC1 was stably transfected in HEK293TRex cells (Su et al., manuscript in preparation). WT and Pkd1 del34/del34 mouse embryonic kidney cells derived from the distal tubules were described previously. 36 
Immunofluorescence
For microscopic analyses, cells were plated on glass coverslips in six-well plates (Corning Inc., Corning, NY), fixed with 4% paraformaldehyde, permeabilized with 0.5% (vol/vol) Triton-X and blocked with 5% BSA-PBS. Paraffin-embedded sections (4 m), derived from perfused kidneys, were dewaxed, rehydrated through graded alcohols, and boiled in 10 mM citrate (pH 6.0; Vector Laboratories, Burlingame, CA) for 30 minutes. The sections were then placed in the staining dish at room temperature, allowed to cool for 1 to 2 hours, and blocked with 5% BSA-PBS for 30 minutes. Sections and cells were stained with anti-acetylated ␣-tubulin (cat. no. T6793; Sigma Aldrich, St. Louis, MO) 1:20,000 dilution to detect the cilia, anti-Fz3 antibodies (cat. no. AF1001; R&D Systems, Minneapolis, MN) 1:40 dilution, anti-CDC42 (cat. no. sc-87; Santa Cruz Biotechnology, Santa Cruz, CA) 1:100 dilution, anti-Par6 (cat. no. ab45394; Abcam, Cambridge, MA) 1:100 dilution, or anti-Par3 (provided by Dr. Ian Macara) 1:50 dilution and appropriate Alexa-conjugated secondary antibodies (Invitrogen) 1:500 dilution. Fluorescein DBA (cat. no. FL-1031; Vector Laboratories) 1:500 dilution or fluorescein LTL (cat. no. FL-1321; Vector Laboratories) 1:500 dilution was used to detect, respectively, collecting tubules/ducts or proximal tubules. Slides were mounted with ProLong Gold antifade reagent with DAPI (cat. no. P36935; Invitrogen). Images were collected with Nikon-1000 epifluorescence microscope (Nikon, Tokyo, Japan).
Wound-Healing Assay
YPC1m-HEK cells were plated at confluence on six-well plates, transfected with an expression construct for Fz3 by homemade transfection reagent PEI and induced or not with 10 ng of tetracycline. After 24 hours of culture, cells were scratched and imaged every 6 minutes for 20 hours with Nikon-TE1000 live-cell imaging set up with Slidebook software (Intelligent Imaging Innovations, Denver, CO) to study cell movement. The distance traveled in 20 hours was measured at three different spots per scratch, and average speed per hour was calculated.
Western Blotting
Cells and kidneys were extracted in RIPA buffer (cat. no. 20-188; Millipore, Billerca, MA) supplemented with protease inhibitors (cat. no. 11 836 145 001; Roche, Basel, Switzerland). Protein samples (50 g) were separated on 7.5% SDS-PAGE for Fz3 detection and on 12% SDS-PAGE for CDC42 detection. The proteins were then transferred on a nitrocellulose membrane (GE Healthcare, Piscataway, NJ). The membranes were blocked in 5% milk in PBS-0.5%Tween and incubated with anti- 
Measurements of Oriented Cell Division
Paraffin-embedded kidney sections (30 m) from mice at 2 and 8 weeks of age were stained with anti-phospho-histone H3 (Ser 10 ) antibody (anti-H3pS10; cat. no. ab5176; Abcam) 1:500 dilution and Alexa-594 -conjugated goat anti-rabbit secondary antibodies (Invitrogen) 1:500 dilution to detect the separating chromosomes in dividing cells. Sections were counterstained with fluorescein DBA to identify distal tubules. Slides were mounted with ProLong Gold antifade reagent with DAPI (cat. no. P36935; Invitrogen). Confocal imaging (Nikon) using the ϫ40 oil immersion objective lens was used to make Z-stacks through the tissue at a step size of 0.5 m. Imaris 3D software (Bitplane, Zurich, Switzerland) was used to measure the mitotic angles by calculating the angle between the separating chromosomes and the longitudinal axis of the tubule and to make three-dimensional reconstructions.
Luciferase Assays for TopFlash
YPC1m-HEK cells were plated on 12-well plates and transfected with a combination of plasmids in the presence or absence of tetracycline induction as described in the legend of Figure 6 . The TopFlash luciferase construct was provided by Dr. Randy Moon (University of Washington, Seattle, WA). The renilla luciferase under the control of a cytomegalovirus promoter was used to normalize all values for transfection efficiency. The dual luciferase assay kit (cat. no. E1910; Promega, Madison, WI) was used as described by the manufacturers.
Statistical Analysis
Mann-Whitney U test was used to assess whether the distribution of two sample sets was significantly different.
